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We discuss the ionization of aligned hydrogen molecules into their ionic ground state by 200 eV
electrons. Using a reaction microscope, the complete electron scattering kinematics is imaged over
a large solid angle. Simultaneously, the molecular alignment is derived from postcollision
dissociation of the residual ion. It is found that the ionization cross section is maximized for small
angles between the internuclear axis and the momentum transfer. Fivefold differential cross sections
5DCSs reveal subtle differences in the scattering process for the distinct alignments. We compare
our observations with theoretical 5DCSs obtained with an adapted molecular three-body distorted
wave model that reproduces most of the results, although discrepancies remain. © 2010 American
Institute of Physics. doi:10.1063/1.3457155
I. INTRODUCTION
Ionization of molecules by charged particle impact is a
fundamental reaction of great importance in many fields such
as radiation tumor therapy, the physics and chemistry of
planetary atmospheres, near-stellar clouds, or reactive plas-
mas. The complete information of any specific process is
contained in fully differential cross sections FDCSs that
can be obtained in kinematically complete experiments
where all final-state momenta are known. In electron impact
single ionization, which we study here, there are usually
three particles, two electrons and one ion. If the initial-state
momenta are well defined, the detection of two fragments is
sufficient to fully determine the kinematics due to momen-
tum conservation. In electron impact ionization traditionally
the two final-state electrons are detected, styling these stud-
ies as e ,2e experiments. Many atoms but also molecules
have been investigated with this method,1,2 but for molecular
targets they have so far neglected their alignment which de-
fines the relative position of the constituent nuclei with re-
spect to the incoming electron’s direction. Madison and
Al-Hagan3 have recently presented a review of the recent
work in this area.
Due to its role as a model system the ionization of H2
has been extensively studied in the past for a broad range of
impact energies. Much research was dedicated to total cross
sections and their dependence on the alignment which is
given by the relative angle between the internuclear axis and
the incoming electron beam.4–6 On the other hand, detailed
studies on the final-state electron characteristics were per-
formed for various kinematic settings.7–12 In all of the latter
studies, traditional e ,2e spectrometers were used to detect
the two final-state electrons with angle and energy selective
analyzers. Recently, efforts have been made to combine this
method with ion spectrometers to gain information on the
molecular alignment, but the results reported so far have
been integrated over the emission direction of the secondary
electron.13–15 The main reason for this was the small angular
acceptance of the apparatus and the resulting long measure-
ment times. We have overcome this problem using a reaction
microscope, which allows to measure many different kine-
matic settings at the same time. The experiment has been
introduced recently,16 while in this paper we will present the
results obtained for ionization into the ionic ground state at
several kinematic conditions.
Studies on aligned hydrogen molecules have recently
been performed in other settings. Molecular frame angular
distributions of electrons emitted by one-photon single ion-
ization have been the first FDCSs obtained in any reaction of
H2.
17–20 Due to the absorption of the incoming photon, only
two particles have to be detected in a kinematically complete
experiment for photoionization. Ionic collisions with aligned
H2 were also investigated, but FDCSs were not obtained be-
cause up to now it has not been possible to fix the collision
geometry simultaneously with the internuclear axis.21,22
On the theoretical side, FDCSs for electron impact ion-
ization of H2 into the ground state of H2
+ have been inves-
tigated recently,23–25 finding a distinct dependence of the
electron scattering dynamics on the alignment. Some of the
observed features, especially unexpected minima in the an-
gular spectra, were attributed to interference effects, either as
a consequence of the two-center nature of H2 Ref. 23 or by
coherent superposition of partial waves.25 Traces of two-
center interference were predicted even in differential cross
sections measured with randomly aligned molecules. Evi-
dence for their experimental observation was reported at im-
pact energies above 500 eV Refs. 11 and 26 and at 250 eV,9
but excluded in investigations below 100 eV.10 However,
FDCSs represent a much stricter test of the interference
model which we have recently shown in an exemplary
setting.16aElectronic mail: arne.senftleben@mpi-hd.mpg.de.
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The general geometry of the ionizing collision is illus-
trated in Fig. 1. In the present case, the kinetic energy of the
projectile 200 eV is much higher than the ionization poten-
tial 15.4 eV without dissociation and at least 18 eV with
dissociation. In this situation, asymmetric energy sharing
between the two final-state electrons is very likely because
the projectile is usually losing only a small part of its energy.
Hence, in good approximation, we can label the fast electron
scattered projectile with momentum pe1, whereas pe2 refers
to an electron initially bound to the molecule and ejected
during the collision. Without loss of generality, we can define
the scattering plane spanned by p0 and pe1 as the x ,z-plane
of our collision-based coordinate system where p0 is the mo-
mentum of the incoming projectile. The x component of the
fast electron’s momentum is by convention negative. As a
consequence, the momentum transfer q = p0− pe1 is also lo-
cated in the scattering plane but has a positive x component.
The emitted electron’s momentum as well as the molecular
axis are not restricted to the scattering plane. Hence, their
orientation has to be characterized by the two angles  and
. FDCSs for single ionization of a linear molecule are given
as the fivefold differential cross sections 5DCSs
d5 /de1de2dEe2dMdM, where M and M fix the mo-
lecular alignment, Ee2 is the energy of the emitted electron,
and e1 e2 is the solid angle of the scattered projectile
and emitted electron, respectively.
II. THEORETICAL FRAMEWORK
The details of the molecular three-body distorted wave
M3DW approximation have been presented elsewhere27–29
so only a brief overview will be presented here. The M3DW
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where k0 is the initial-state wave vector and ke1ke2 is the
wave vector for the scattered ejected electron. The direct












In Eq. 2, r1 r2 is the coordinate of the incident bound
electron, 0, e1, and e2 are the distorted waves for the
incident, scattered, and ejected electrons respectively,
Cscat-eject is the Coulomb interaction between the scattered
projectile and ejected electrons, and the molecular wave
function Dysonre1 ,R  is the so-called Dyson orbital which
depends on the orientation of the molecule R . Dysonre1 ,R 
is calculated using density functional theory along with the
standard hybrid B3LYP with the TZ2P triple-zeta with two
polarization functions Slater type basis sets. The potential V
is the initial-state interaction between the projectile and the
neutral molecule and U0 is the initial-state spherically sym-
metric distorting potential which is used to calculate the
initial-state distorted wave 0.
The initial-state molecular distorted waves are calculated
using a spherically symmetric distorting potential U0. The
Schrödinger equation for the incoming electron wave func-
tion is given by
Tˆ 0 + U0 − E00
+
= 0, 3
where Tˆ 0 is the kinetic energy operator for the projectile, E0
is the energy of the incoming projectile, and the “+” super-
script on 0
+ indicates outgoing wave boundary conditions.
The initial-state distorting potential contains three compo-
nents U0=US+UE+UCP, where US is the initial-state spheri-
cally symmetric static potential which is calculated from the
molecular charge density obtained from the numerical orbit-
als averaged over all angular orientations, UE is the
exchange-distortion potential of Furness and McCarthy30
corrected for sign errors, and UCP is the correlation-
polarization potential of Perdew and Zunger.31 The two final
channel distorted waves are obtained from a Schrödinger
equation similar to Eq. 3 except that the neutral static po-
tential is replaced by the equivalent potential for an ion.
III. EXPERIMENTAL PROCEDURE
A. Reaction microscope setup
In our experiment, momentum vectors of the collision
products are measured using a reaction microscope as drawn
in Fig. 2. The setup was designed to study atomic ionization
by low and medium energetic electrons and has been de-
scribed in previous works.32,33 Briefly, a pulsed electron
beam from a thermal source is crossed with a jet of cold gas
created by supersonic expansion. Beam and target densities
are kept low enough such that ionization will occur in less
than every tenth shot. Charged collision products are accel-
erated and guided by well-defined electric and magnetic
fields toward two position and time sensitive detectors. This
FIG. 1. Geometry of the ionizing collision.
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information can be analyzed to retrieve the three-
dimensional momentum vectors of the final-state particles.34
The detectors employ pairs of 80 mm microchannel
plates for amplification of the single particle signal and hex-
agonal delay line anodes35 to read out the position of the
incidence. While the electron detector has not been changed
compared to previous works, the ion detector was signifi-
cantly enlarged for the present study to achieve a better ac-
ceptance of fragments stemming from molecular dissocia-
tion. Furthermore, this structure needed to employ a central
bore to allow the incoming beam to pass. Therefore, the three
individual delay lines of the detector were built with a gap to
create a hole in the center. This geometry requires the use of
a sophisticated method to read out the position information
similar to that described by Pedersen et al.36
With the electric and magnetic field settings used we
have been able to detect protons emerging from dissociation
of H2
+ over the complete solid angle for a kinetic energy
release KER of up to 1 eV. The projectile was detected for
a scattering angle between 3.3° and 25° while the emitted
electron was measured over more than 90% of the full solid
angle for energies between 1.5 and 25 eV. The neutral hy-
drogen atom also resulting from the fragmentation of H2
+
was not detected, but its momentum can be calculated from
momentum conservation, as the initial-state momenta are
well defined.
It should be noted that the beamdump in the center of the
electron detector limits the acceptance for the second elec-
tron. If they are emitted under small angles with respect to
the z-axis they are not detected see also Dürr et al.37.
B. Obtaining the molecular alignment
In our current experiment, the alignment of the internu-
clear axis is determined from fragmentation of the residual
H2
+ ion in the wake of the ionizing collision. Dissociation as
investigated here can take two distinct reaction pathways
which are illustrated in the potential curves diagram of Fig.
3. On the one hand, it is possible to populate the vibrational
continuum of the H2
+ ground state. This channel is called
ground-state dissociation GSD or direct ionization. It is
known to yield a proton and a neutral hydrogen atom with a
summed KER of less than 1 eV.6 Electronically, GSD is al-
most identical to nondissociative single ionization of H2, but
it can only happen at subequilibrium internuclear distances.
The second process is autoionization AI where a doubly
excited, repulsive level of the neutral molecule is populated.
During the dissociation of this state, spontaneous emission of
an electron is possible. The resulting molecular ion will frag-
ment into a proton and a neutral atom when the energy A
already gained by the nuclei exceeds the dissociation poten-
tial D. In the following, we will only consider GSD to study
the alignment dependence of ionization into the electronic
ground state of H2
+
. This process is considered to contribute
to 1.5% of the total ground-state ionization yield.38
We have recently explained the separation of the two
competing dissociation channels:16 Although they employ
different KER distributions a more articulate distinction can
be found in the emitted electron’s energy Ee2. Due to the low
kinetic energy 1 eV released in the ionic fragmentation
Ee2 is directly connected with the energy 	E transferred to
the target. This takes continuous values in direct ionization
but discrete values in excitation and, hence, AI. Therefore,
we can select energy regions, where GSD is the major con-
tributing process.
Deriving the molecular alignment from the emission di-
rection of dissociation fragments implies the validity of the
axial recoil approximation,41 which is fulfilled if the H2
+ ion
fragments faster than it rotates. Using the method suggested
by Wood et al.42 we have verified for GSD that the alignment
can be determined with an uncertainty of 
20° or less for
KERs above 0.13 eV.
Furthermore, we have to take into account that the mea-
sured protonic momentum pH+ does not only contain the dis-
sociation part pdiss but also the collisional recoil p rec. The
latter can be derived from momentum conservation allowing
to calculate pdiss which carries the information on the mo-
lecular alignment,
pdiss = pH+ − p rec = pH+ −
mH
mH2
q − pe2 , 4
where q − pe2 is the momentum transferred to the residual






















FIG. 2. Schematic drawing of the employed reaction microscope.
Internuclear distance R (a.u.)









































FIG. 3. Selected potential curves of H2 and H2+ after Sharp Ref. 39 and
Guberman Ref. 40 with illustration of two dissociative ionization chan-
nels: GSD and AI.
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the hydrogen atom and molecule, respectively. Finally, the
azimuthal and polar angles of the internuclear axis relative to
the scattering plane as defined in Fig. 1 can be obtained.
IV. RESULTS AND DISCUSSION
A. General dependence of the ionization rate on the
alignment
Both ground states, of H2 and its cation employ g
+ sym-
metry. From this it can be expected that the total ionization
cross section does not depend significantly on the molecular
alignment.43 This has been shown experimentally for
electron44 and ion impact.45 We have recently published16 a
slightly increased cross section for molecules aligned parallel
to momentum transfer. Here we perform a more detailed
analysis of these findings. In Fig. 4 distributions of the angle
M spanned by the molecular axis and the direction of mo-
mentum transfer are displayed for various projectile scatter-
ing angles e1 and second electron energies. All data sets
have been normalized to one at the maximum which corre-
sponds to parallel alignment.
At high energies of the emitted electron Fig. 4b the
anisotropy is essentially independent of the scattering angle,
with the lowest cross section amounting to 80% of the
maximum. The alignment dependence is more articulate at
low Ee2 Fig. 4a. Additionally, the anisotropy increases
with larger scattering angles, with a minimal relative cross
section around 60% for e1=16° and Ee2=3 eV. For this
kinematics, the emitted electron’s momentum is significantly
smaller than the magnitude of the momentum transfer q
=1.05 a.u., indicating that a significant interaction between
projectile and the molecular core has taken place. It is as-
sumed that such situations induce pronounced cross section
differences for distinct alignments.24
B. Fivefold differential cross sections
We will present 5DCSs for ground-state ionization of
hydrogen molecules as emission spectra of the second elec-
tron for fixed molecular alignments. As mentioned earlier,
we have observed that the momentum transfer q is a pre-
ferred alignment for the ionizing collision. Therefore, it
seems reasonable to reference the angles of the internuclear
axis to q . Earlier studies of dissociative impact ionization of
H2 proceeded likewise.46,47 In our experiment, the momen-
tum transfer is calculated individually for each collision.
Thus, we move from the fixed-frame alignment angles
M ,M to the collision-based coordinates M ,M com-
pare Figs. 5 and 9.






















Angle between molecular axis and momentum transfer (deg)
(b)
FIG. 4. Dependence of the ionization cross section for H2 on the angle
between the molecular axis and momentum transfer q . The emitted elec-
tron’s energy is a 3
2 eV and b 16
4 eV while the scattering
angle varies from 5
2° triangles via 9.5
2.5° squares to 16
4°









FIG. 5. Illustration of the molecular alignments inside the scattering plane
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Polar angle of emitted electron θe2 (deg)
q
(c)
FIG. 6. Coplanar 5DCSs for molecules aligned in the scattering plane at
angles of 0° red, 45° green, and 90° blue relative to the momentum
transfer q compare Fig. 5. The second electron energy is 3.5
2.5 eV




4°. Panel c has been published previously Ref. 16 and is included
here for completeness. The lines are M3DW calculations. Shaded areas rep-
resent angles without experimental acceptance because electrons emitted in
this angular range hit the beam dump instead of the detector.
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planar geometry is selected where the second electron was
emitted within 
15° of the scattering plane. Three distinct
alignments of the internuclear axis were chosen: 0° red, 45°
green, and 90° blue with respect to q see Fig. 5. In all
cases, the molecule was located in the scattering plane. Pro-
tons going in either direction were included, while the apex
angle of the allowance cone was 50°, corresponding in total
to 9.4% of a spherical surface. The experimental values were
not available on an absolute scale. Therefore, the M3DW
cross sections were used to normalize the data at the theoret-
ical maximum for the M =45° geometry.
Figure 6 displays 3.5 eV electrons emitted into the scat-
tering plane for three scattering angles. The characteristic
e ,2e double-lobe structure is clearly shown by all curves:
The binary peak corresponding to a clear knock-out collision
is located roughly along q , albeit shifted to larger angles due
to repulsion of the two outgoing electrons. The recoil region
in the opposite direction represents electrons that have been
backscattered by the ion after they have been hit by the pro-
jectile. Generally, the highest cross sections were determined
for molecules aligned along the momentum transfer and the
lowest for the perpendicular case. This trend is remarkably
well reproduced by the M3DW calculation, especially in the
binary lobe. Two distinct exceptions are found for molecules
aligned parallel to the momentum transfer: At 5° scattering
angle the central region of the binary peak is significantly
depressed in the experiment, while there is an increased cross
section on the left flank at the scattering angle of 16°. The
recoil peak is slightly overestimated by theory, which is a
well known feature of this model at low emitted electron
energies.9
Between the distinct molecular alignments hardly any
pronounced structural differences can be seen in the cross
sections. This is in agreement with photoionization studies
into the H2
+ ground state.17,18 However, the experimental
data exhibit an interesting feature at the scattering angle of
16° Fig. 6c around 250°: The cross section for parallel
alignment rises significantly above the typical level, which is
not reproduced by theory. The origin of this discrepancy is
unknown, but we assume that interaction with the molecular
nuclei plays a role at this very specific geometry. If this is the
case, articulate distinctions between the alignments are gen-
erally expected.24
We want to highlight the structural differences in the
5DCSs seen in Fig. 6c by displaying a different portion of
the three-dimensional electron emission picture that the re-
action microscope is able to produce. Instead of the coplanar
geometry, Fig. 7 includes all electrons emitted into the x ,y
plane. This plane is oriented perpendicular to the projectile
beam and is equivalent to imaging the azimuth e2 for a
fixed polar angle e2 of 90°. The experimental values are
scaled with the same factor as in Fig. 6c. One can see that
the cross sections are fairly indifferent for the three align-
ments, except at the two intersections with the scattering
plane at e2=0° and 180° in the scattering plane these cor-
respond to e2=90° and 270°, respectively. From this we
can conclude that for the conditions investigated here, the
largest dependence on the molecular alignment is found in
coplanar geometry.
Our M3DW cross sections also contain interesting fea-
tures in this perpendicular plane. First of all, the 180° maxi-
mum for the M =0 alignment is excellently matching the
experimental one. This is intriguing because measurement
and model mismatch for this geometry in the coplanar recoil
peak. The opposite situation unfolds for the 45° and 90°
alignments: While the shape of the recoil lobe is in qualita-
tive agreement in the scattering plane, a bump is predicted
around e2=180° in the perpendicular geometry where the
experimental cross sections are flat. Independent of the mo-
lecular alignment, the model always predicts higher 5DCSs
than the measurement in the azimuthal ranges between 30°
and 100° as well as 260° and 330°. Additionally, the cross
sections of the 45° and 90° alignments cross each other mak-
ing the M =45° case the less probable in these areas. This
effect is not resolved by the measurement and so far the
origin of this disagreement is not known.
In Fig. 8 coplanar electron emission spectra are shown
for a second electron energy of 16 eV. Here, the plots are
strongly dominated by the binary lobe, with little dependence
of its magnitude and structure on the molecular alignment.
But the trend of preferred ionization for small angles be-
tween the internuclear axis and q remains. In the recoil lobes
it is difficult to mark out clear differences for the three align-
ments from the experimental data. But there are discrepan-
cies to the M3DW results. Especially for scattering angles of
9.5° and 16° Fig. 8b and 8c the recoil peak is signifi-
cantly underestimated by the calculation. Only at 5° the gen-
eral shape and height are reasonably reproduced, whereas the
complete structure is shifted about 20° smaller than in the
experiment. Most notably, in Fig. 8a the theory predicts a
central dip in the recoil structure that occurs only for a col-
linear alignment of the molecule with respect to the momen-
tum transfer. Unfortunately, this feature cannot be tested in
the present experiment because it is close to the spectrometer
axis where no electrons are detected.
Up to now, we have only discussed results for internu-
clear axes located in the scattering plane. As the protons
were essentially detected over the complete solid angle we
can also study other cases. However, as we have already
observed in Sec. IV A the ionization cross section is pre-














Azimuthal angle of second electron φe2 (deg)
FIG. 7. 5DCSs in the plane perpendicular to the incoming beam at a scat-
tering angle of 16
4° and second electron energy of 3.5
20 eV,
which are the kinematics of Fig. 6c. Molecules are aligned in the scattering
plane at angles of 0° red, 45° green, and 90° blue relative to the mo-
mentum transfer q compare Fig. 5.
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and momentum transfer but little with the azimuthal angle
around q . This effect can be verified with FDCSs. In Fig. 10
exemplary 5DCSs are shown for different alignments where
the molecule is always perpendicular to the momentum
transfer. The geometries are illustrated in Fig. 9. Opposite to
the previous cross sections no general trend is visible: Espe-
cially in Fig. 10a there seems to be no difference between
the three alignments. With a few exceptions the binary peaks
are well matched by the calculation, which also cannot find
an articulate alignment dependence. At the smaller emitted
electron energy the theoretical cross sections intersect with
each other twice to allow for a reversed order of the three
molecular geometries in the binary and recoil regime. But
the effect is too small to be identified with our experimental
resolution.
V. CONCLUSION
Fivefold differential cross sections for ionization of hy-
drogen molecules into the ionic ground state by 200 eV elec-
trons have been investigated for distinct molecular align-
ments, which were obtained from postcollision dissociation.
The highest rates were found when the internuclear axis is
parallel to the momentum transfer direction, but the aniso-
tropy varies with the electron kinematics. In general, good
agreement between experimental data and M3DW calcula-
tions was found, especially in the binary peaks of the copla-
nar 5DCS spectra. Few structural differences in the cross
sections for distinct alignments were found, but these were
different in experiment and theory. Further investigation into
this ionization process is suggested to reveal the underlying
scattering mechanisms.
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FIG. 8. Same as Fig. 6, but at an energy of the second electron of
16
4 eV.
FIG. 9. Illustration of the molecular alignments considered in Fig. 10. M
=90° for all situations depicted, i.e., the internuclear axis is always located
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FIG. 10. Coplanar 5DCSs for molecules aligned perpendicular to q but with
a relative angle toward the scattering plane of 0° blue, 45° salmon, and
90° green as illustrated in Fig. 9. The scattering angle is fixed to
9.5
2.5°, while the plotted electron’s energy is either a 3.5
2.5 eV
or b 16
4 eV. Shaded areas represent angular ranges without experi-
mental acceptance.
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